Abstract The objective of this study was to evaluate if peritumoral (PT) perfusion parameters obtained from dynamic susceptibility weighted contrast enhanced perfusion MRI can predict overall survival (OS) and progression free survival (PFS) in patients with newly diagnosed glioblastoma multiforme (GBM). Twenty-eight newly diagnosed GBM patients, who were treated with resection followed by concurrent chemoradiation and adjuvant chemotherapy, were included in this study. Evaluated perfusion parameters were pre-and post-treatment PT relative cerebral blood volume (rCBV) and relative cerebral blood flow (rCBF). Proportional hazard analysis was used to assess the relationship OS, PFS and perfusion parameters. Kaplan-Meier survival estimates and log-rank test were used to characterize and compare the patient groups with high and low perfusion parameter values in terms of OS and PFS. Pretreatment PT rCBV and rCBF were not associated with OS and PFS whereas there was statistically significant association of both posttreatment PT rCBV and rCBF with OS and posttreatment rCBV with PFS (association of PFS and posttreatment rCBF was not statistically significant). Neither the Kaplan-Meier survival estimates nor the log-rank test demonstrated any differences in OS between high and low pretreatment PT rCBV values and rCBF values; however, high and low post-treatment PT rCBV and rCBF values did demonstrate statistically significant difference in OS and PFS. Our study found posttreatment, not pretreatment, PT perfusion parameters can be used to predict OS and PFS in patients with newly diagnosed GBM.
Introduction
Glioblastoma multiforme (GBM), the most common primary malignant brain tumor, represents a group of aggressive tumors that varies significantly in morphology, genetic, and clinical behavior [1] . Despite use of a standard aggressive treatment regime that includes tumor resection, followed by concurrent chemoradiation with temozolomide and radiation therapy, and subsequent adjuvant temozolomide, the post-diagnosis median survival of GBM patients is approximately 14 months [2] [3] [4] . Results of previous studies have demonstrated that physiologic imaging techniques, such as contrast enhanced dynamic susceptibility (DSC) weighted magnetic resonance imaging (MRI) can be used effectively in the evaluation of GBM [5] [6] [7] [8] [9] [10] . Relative cerebral blood volume (rCBV), a perfusion parameter generated from DSC perfusion imaging, is most commonly used in clinical evaluation of GBM [5, [11] [12] [13] [14] . It has been shown that tumoral rCBV correlates well with tumor grade, overall survival (OS), and progression-free survival (PFS) [15, 16] .
Evaluation of enhancing component of previously treated GBM with DSC perfusion MRI sometimes can be difficult because of presence of blood products and radiation-induced changes [17] . Due to their inherent paramagnetic properties, blood products introduce magnetic inhomogeneity that severely affects the quality of DSC perfusion imaging, as the technique is exquisitely sensitive to any change in magnetic homogeneity [18] . Radiationinduced changes, including hemorrhage, are also more prevalent within the enhancing component of the tumor because of higher radiation dose to the area. Additionally, radiation-induced changes typically demonstrate lower rCBV, compared to GBM [9, 19, 20] . Assessment of the enhancing component of a treated GBM with DSC perfusion imaging may have spurious results if treatmentinduced changes and tumor coexist. In the posttreatment setting, treatment-related changes are less common in the peritumoral (PT) area, a region that can also be evaluated with DSC-MRI for demonstration of tumor-related changes.
Glial neoplasms are highly infiltrating tumors. Infiltrating neoplastic glial cells can be present in areas of T2 prolongation, beyond the enhancing component, as evidenced by stereotactic biopsy of the enhancing and perienhancing areas [21] . The presence of tumor and abnormal tumoral vessels in the PT region of GBM has been documented using diffusion tensor imaging, perfusion imaging, and MRI spectroscopy [6, [22] [23] [24] [25] . In primary high-grade gliomas, the PT area of abnormal T2 hyperintensity contains a mixture of tumor cells, abnormal tumoral blood vessel, and various degrees of interstitial edema [24] . Thus, evaluation of the PT areas with perfusion imaging can also provide information about the tumor biology. In fact, multiple studies have previously described higher rCBV in the PT region of GBM [6, [25] [26] [27] . Higher rCBV in the peri-enhancing area has also been shown to be a marker of potential tumor growth [25] . The role of PT rCBV in prediction of survival in newly diagnosed GBM patients is not well documented in the literature. We hypothesize that PT rCBV can be used to predict OS and PFS in GBM patients.
Relative cerebral blood flow (rCBF) is another perfusion parameter that estimates blood flow through a definite area of brain tissue per unit of time and can be calculated from perfusion DSC-MRI. Unlike rCBV, rCBF has been used less commonly to evaluate GBM [28, 29] , likely, because calculation of rCBF is difficult and rCBF is dependent on rCBV through the central volume principle. However, tumoral CBF has been shown to correlate with tumor grade [30] , blood vessel tortuosity [31] , and to differentiate highgrade gliomas from low-grade gliomas [28] . In addition, PT rCBF has been shown to differentiate high-grade gliomas from metastasis [26] .
The objective of this retrospective pilot study was to determine if PT perfusion parameters can be used to predict OS and PFS in newly diagnosed GBM patients.
Materials and methods

Patient selection
The local ethical committee approved this Health Insurance Portability and Accountability Act (HIPAA) compliant study. Medical records and MRI imaging studies of all patients with GBM that were diagnosed and treated at the University of Alabama at Birmingham Medical Center between January 2010 and April 2012 were retrospectively reviewed. Patients with newly diagnosed, histopathologically confirmed, primary GBM and treatment with current standard therapy (maximum safe resection, followed by concurrent chemoradiation, and adjuvant temozolomide) were included in the study. Diagnosis of primary GBM was based on clinico-radiological findings that meet the following three criteria: (1) neurological symptoms for less than 3 months with no known history of any CNS disease in the past, (2) brain imaging findings at presentation are suggestive of high-grade infiltrative tumor, and (3) histopathologically proven GBM [32] . We did not include any patient with secondary GBM, as the secondary GBM may have different perfusion parameters in the PT area. Secondary GBM was defined as the presence of a known grade 2 tumor or tumor symptoms for more than 1 year in any given patient. Patients with a history of treatment with any investigational drugs were excluded from the analysis. Of the 102 patients with a diagnosis of GBM that were treated, 28 patients between 27 and 75 years-of-age (M = 15, F = 13) were eligible for inclusion during the study period. Seventy-four patients were excluded from the study due to lack of perfusion imaging (n = 24), presence of poor perfusion technique/artifacts (n = 10), treatment with investigational drugs (n = 23), or continuation of treatment in another medical facility (n = 17).
Treatment and follow-up
All patients were treated with maximum safe resection, followed by combined temozolomide (75 mg/m 2 per day) for 42 consecutive days during radiation therapy. For radiation treatment (RT), the treatment dose was 59-60 Gy in 2 Gy fractions to the residual tumor volume, plus 2-2.5 cm volumetric expansion. Following completion of concurrent chemoradiation, all patients were treated with a maintenance dose of temozolomide (150-200 mg/m 2 ). All patients had an MRI within a month of completing chemoradiation. MRIs (including perfusion MRI) before the resection and after the completion of combined chemoradiation were analyzed in this study. In the study patient population, tumor recurrences were treated either with bevacizumab with-or without second-line chemotherapeutic agents (n = 11) or repeat surgery (n = 3). None of the patients was treated with second radiation (Table 1) . Patients were followed at least 24 months after the initial diagnosis. Patients, who were still alive, were treated as censored cases. As has been suggested elsewhere, we chose to calculate OS as the primary endpoint because median post-progression survival of GBM patient is short [33] .
Conventional MR imaging
MRI imaging was performed on 1.5T magnets (Echospeed, GE Medical Systems, Milwaukee, Wisconsin and Achieva, Phillips Medical System, Netherlands). Conventional MRI sequences included a sagittal T1 spin-echo, axial fat suppressed fast/turbo spin-echo, T2, axial FLAIR, coronal GRE (or FFE in Phillips system), post contrast axial, and coronal T1 spin-echo sequences after administration of 0.05 mmol/kg of gadoteridol (ProHance, Bracco Diagnostic Inc, Princeton, NJ).
DSC perfusion imaging
Contrast enhanced DSC weighted perfusion imaging was performed using a single-shot T2* weighted echo-planar imaging sequence (TR/TE in ms: 1900/40 for GE system or 2500/40 in Phillips system; 192 9 128 acquisition matrix, flip angle of 72°) with another dose of 0.05 mmol/kg of gadoteridol bolus at a rate of 4 mL/s through an 18-20 G intravenous catheter followed by 20 mL of saline chase at the same injection rate after completion of the post contrast T1 weighted (T1WI) sequences. For the Phillips scanner, the slice thickness was 5 mm without any intersection gap, whereas 10 mm slice thickness with no intersection gap was used on the GE scanner. A second dose of 0.05 mmol/ kg of gadoteridol (total: 0.1 mmol/kg: 0.05 mmol/kg for the contrast enhanced study and 0.05 mmol/kg for the DSC perfusion acquisition) was used to obtain the perfusion DSC-MRI in all patients in order to diminish the T1 effects that result from contrast extravasation and the intravascular-to-extravascular gadolinium concentration gradient as suggested elsewhere [34] . A total of 60-image dynamics were obtained, including the first 15 dynamic acquisitions that were performed before contrast injection in order to obtain a steady-state pre-contrast signal-intensity baseline.
DSC perfusion imaging data postprocessing
The DSC perfusion imaging data sets were processed using FDA-approved software IBNeuro 1.0 (Imaging Biometrics LLC., Milwaukee, Wisconsin), a plugin to the Aycan Osirix Pro (http://www.aycan.com/). The principle of the post processing technique is based on correction for contrast extravasation as detailed elsewhere [34] . Pixel-by-pixel CBV maps were created with leakage correction. To calculate CBF maps, arterial input function was manually placed over one of the M2 branches of the contralateral middle cerebral artery. CBV and CBF maps were then overlaid on post contrast T1WI sequence, obtained in the same plane of the DSC perfusion imaging with similar slice thickness and inter-slice gap as well as on FLAIR sequence.
DSC perfusion data analysis
ROI placement
Tumoral area was defined as the enhancing component of the tumor. PT area was defined as the area of FLAIR hyperintensity beyond the enhancing component of the tumor. Regions-of-interest (ROI)-based analysis was performed on the overlaid CBV and CBF maps. An experienced neuroradiologist (AKB), blinded to the survival data, visually analyzed all of the slices through the PT area on both the CBV map in RGB scale, and the overlaid CBV maps, and two ROIs were placed in the region of maximal abnormality as visually determined in the maps. If high CBV values were identified on multiple slices, ROI analysis was done for all of those slices and the highest two recorded values were included in the analysis. Two separate ROI measurements were made, as it has been shown that taking multiple measurements is a more reliable method of obtaining the highest CBV values in a lesion, compared to a single lesion measurement [35] . To minimize the confounding factors in ROI selection and placement, the ROIs were placed over the maximum area of PT abnormalities and the size of the ROIs was kept constant (area = 0.248 cm 2 = 4/5 pixels) for all patients. We did not use a large-sized ROI covering the entire PT volume to exclude either tumoral or normal large blood vessel from the ROI. Additionally, small ROI (radius = 1.8 mm) has been successfully used in analysis of perfusion parameters in evaluation of GBM [36, 37] . For normalization of the CBV values, another ROI of similar size (0.248 cm 2 ) was placed on the contralateral normal appearing white matter in the centrum semiovale. The average mean rCBV value of the two PT ROIs was used for statistical analysis (Fig. 1) . Using calculated CBF maps, all of the abovementioned steps were repeated to obtain average mean calculated rCBF value of the two PT ROIs for analysis.
Quality control of ROI
ROIs were carefully placed excluding any blood vessel and hemorrhage. Both the two ROIs were then copied to the exactly same slice of postcontrast axial T1WI and FLAIR image using copy ROI function of Osirix. This step was performed only for quality control as underlying structures can be obscured on the overlaid images. If any of the two ROIs included any enhancing component of the tumor or any vessel, it was meticulously repositioned.
If the CBV value of the repositioned ROI was lower than an ROI from different slice, the ROI with higher CBV value was included in the analysis. If any ROI was outside the FLAIR-hyperintense areas, it was repositioned in a similar fashion.
Statistical analysis
The primary objective of this study was to determine if PT rCBV and rCBF could be used to predict OS and PFS in patients with newly diagnosed GBM. The analysis was separately performed for PT rCBV and PT rCBF from both the pretreatment and posttreatment perfusion MRIs. We used proportional hazard analysis to assess the relationship between patients' OS, PFS, and perfusion parameters. Multivariate analysis was performed to determine the best predictor of survival. We used Kaplan-Meier survival estimates and log-rank test to characterize and compare the groups with high and low values of the perfusion parameters (rCBV and rCBF) in terms of OS defined as the period between time of diagnosis to the time of death. The median values were used to differentiate high versus low values in order to have equal number of patients in both patient groups with high and low values. We did not use the reference value from literature to establish a threshold because the rCBV values, even the relative values, are heavily influenced by different parameters and vary between studies. Data for the deceased patients were included uncensored, whereas the data from the live patients at the time of publication (at least 24 months) were right censored. Patients were classified in groups with low and high values by using the median rCBV value and median rCBF values. All statistical computations were performed by using software (SAS System for Windows, The ROI on the images includes the highest rCBV value within the peritumoral area version 9.0, 2002; SAS Institute, Cary, NC), and results were declared significant with p \ 0.05.
Results
The analysis is based on pretreatment perfusion MRI in 24 patients and posttreatment perfusion MRI in 28 patients. Pretreatment perfusion MRIs in four of the 28 patients were either not available (n = 3) or limited by artifacts (n = 1). The mean and median age at diagnosis was 56 and 53 years respectively. Values of the pretreatment and posttreatment perfusion parameters are shown in Fig. 3 .
Survival analysis
Follow-up period was at least 24 months. Of the 28 patients in the posttreatment group, 18 patients (64.28 %) died and ten patients (35.71 %) were alive during the follow-up period. Of the 24 patients in the pretreatment group, 15 patients (62.5 %) died and nine patients (37.5 %) were alive during the follow-up period. As the association of age with OS was not statistically significant in our patient population, the perfusion parameter was not age-adjusted. The OS was calculated from all the 28 patients. However, of the 28 patients, progression date is known for 20 patients. Four of the other eight patients, in whom no progression date was recorded, died and the other four patients were still alive during the follow-up period with no progression. The PFS analysis was performed based on 24 patients excluding the four patients who were already dead (two of them died due to unrelated disease and the cause of death is unknown in the other two patients). From the univariate proportional hazard analysis, perfusion parameters that were significantly (p \ 0.05) associated with OS included post-treatment PT rCBF (HR 2.02, 95 % CI 1.151-3.52, p = 0.013) and post-treatment PT rCBV (HR 2.192, 95 % CI 1.310-3.670, p = 0.0028). The association of pretreatment perfusion parameters and OS was not statistically significant ( Table 2 ). The multivariate analysis did not converge, most likely due to the low number of patients. From the univariate proportional hazard analysis, the posttreatment PT perfusion parameter that was significantly (p \ 0.05) associated with PFS included rCBV (HR 1.830, 95 % CI 1.046-3.201, p = 0.03). The association of posttreatment rCBF, pretreatment perfusion parameters, and PFS was not statistically significant ( Table 3 ). The multivariate analysis did not converge, most likely due to the low number of patients.
Kaplan-Meier survival curves for prediction of OS according to pretreatment PT rCBF and PT rCBV demonstrated no difference in OS in tumors with high rCBV ([2.24) and high rCBF ([1.81) compared to tumors with low rCBV (\2.24) and low rCBF (\1.81) (Figs. 2, 5 ; Table 4 ). When the Kaplan-Meier curves and long rank tests were used to evaluate the association of OS with posttreatment PT rCBV and PT rCBF, it was found that higher values of PT rCBV ([2.09) and PT rCBF ([1.97) were associated with lower survival. The binary representation (high versus low) of both PT rCBV and rCBF was statistically significant with p values of 0.006 and 0.02 respectively ( Fig. 3; Table 4 ).
Kaplan-Meier survival curves for prediction of PFS according to pretreatment PT rCBF and PT rCBV demonstrated no difference in PFS in tumors with higher versus lower rCBV and rCBF ( Fig. 4; Table 4 ). When the Kaplan-Meier curves and long rank tests were used to evaluate the association of PFS with posttreatment PT rCBV and PT rCBF, it was found that higher values of PT rCBV ([2.01) and PT rCBF ([1.85) were associated with lower PFS. The binary representation (high versus low) of both PT rCBV and rCBF were statistically significant with p values of 0.019 and 0.0331 respectively ( Fig. 5 ; Table 4 ).
Discussion
Relative CBV is the most robust perfusion parameter in evaluation of GBM [7, 38] . Prior studies have demonstrated good association of tumoral rCBV with OS [39] [40] [41] . There is no study in literature, to our knowledge, evaluating PT rCBV in prediction of OS and PFS. The results of our study demonstrate strong association of posttreatment PT rCBV with OS (HR 2.192; p = 0.0028) and with (HR 1.830; p = 0.034).
Several studies, both clinical and preclinical, have demonstrated that rCBV strongly correlates with the degree of the tumoral angiogenesis and microvessel density in patients with GBM [42, 43] . As the microvessel density increases several folds in GBM, rCBF also increases within the tumorous tissue, similar to rCBV. Prior studies have demonstrated correlation of tumoral CBV and CBF [29] . However, these studies have compared tumoral rCBV and rCBF, not PT rCBV and rCBF, in grading of gliomas and did not compare the perfusion parameters to predict survival. Results of our study demonstrate statistically significant association of posttreatment PT rCBF with OS (HR 2.02; p = 0.013); however, the association with PFS was not statistically significant (HR 1.446; p = 0.142). This suggests that rCBF can also be used as a predictor of OS and PFS. Kaplan-Meier analysis using high and low values for pretreatment PT rCBV and rCBF cannot differentiate in OS and in PFS between higher and lower values. However, Kaplan-Meier analysis using high and low values for posttreatment PT rCBV and rCBF was able to demonstrate statistically significant differences in OS and PFS between higher and lower values. This result may be compared with a study described by Law et al. [16] in which 189 glioma patients of different histologic grades demonstrated difference in OS between higher and lower value of tumoral rCBV, although the difference was not statistically significant in their cohort of patients. Our results suggest that evaluation of posttreatment PT perfusion parameters can be used to predict OS in patients with newly diagnosed GBM. Our study also demonstrates that posttreatment perfusion parameters are better in prediction of OS compared to the pretreatment PT perfusion parameters.
As with any retrospective analysis, this study had inherent bias and many limitations. The main limitation of this study is the relatively small sample size that contributes to the statistical uncertainty and that could be the reason for the statistically non-significant results. We did not include any patient enrolled in an investigational agent clinical trial in order to control any difference in survival benefit. Second, this is a retrospective study where patients were scanned on different MRI machines with different imaging acquisition techniques that introduce heterogeneity to the perfusion parameters. Another potential limitation of this study is that the recurrent tumor treatment regimens were not identical in all study patients. This might have influenced the OS. However, we think that this effect is minimum, as RTOG 0825 study has shown that Avastin has no effect on OS in newly diagnosed GBM patients [44] and there is no known survival benefit of second line chemotherapeutic agents. Similarly, the amount of residual tumor tissue was not controlled. In some patients, there was gross total resection, whereas in others there was significant residual tumor compared to the pretreatment tumor volume. As the amount of residual tumor volume can theoretically influence the OS, this is also a potential limitation of our study. Finally, we analyzed the perfusion data using a region-of-interest-based technique that might have possible subjectivity and concern for reproducibility although in a study with 50 patients, Wetzel et al. has demonstrated clinically acceptable interand intra-observer reproducibility [35] .
In conclusion, the results and findings of this study demonstrate that there is statistically significant association of posttreatment, not pretreatment, PT rCBV and rCBF with OS and PFS in patients with newly diagnosed primary GBM. Higher posttreatment PT rCBV and rCBF values are associated with poor survival compared to the lower values. The results should be validated in larger, multicenter prospective studies, to evaluate the role of PT perfusion parameters in prediction of OS and PFS, as PT perfusion parameters can be very useful if treatment-related changes limit use of tumoral perfusion parameters. . This difference in survival experience in the two groups was further confirmed by the three significant tests of equality. b Kaplan-Meier survival curves for prediction of OS according to posttreatment peritumoral rCBV demonstrate poor OS in tumors with high rCBV ([2.01) (the red line) compared to tumors with low rCBV (\2.01) (the blue line). This difference in survival experience in the two groups was further confirmed by the three significant tests of equality
